Objective: To assess the accuracy with which available retinopathy of prematurity (ROP) predictive models detect clinically significant ROP and to what extent and at what risk these models allow for the reduction of screening examinations for ROP.
The American Academy of Ophthalmology prepares Ophthalmic Technology Assessments to evaluate new and existing procedures, drugs, and diagnostic and screening tests. The goal of an Ophthalmic Technology Assessment is to review systematically the available research for clinical efficacy and safety. After review by members of the Ophthalmic Technology Assessment Committee, relevant subspecialty societies, and legal counsel, assessments are submitted to the Academy's Board of Trustees for consideration as official Academy statements. The purpose of this assessment is to assess the ability of available retinopathy of prematurity (ROP) predictive models to detect clinically significant ROP and to what extent and at what risk these models allow for the reduction of screening examinations for ROP.
Background
Retinopathy of prematurity is a vasoproliferative retinal disorder that affects premature infants and is the leading cause of preventable childhood blindness in high-and middle-income countries. 1 Preventing blindness caused by ROP requires timely treatment, which depends on appropriate screening of infants at risk. Current United States screening guidelines recommend at a minimum examining all infants with birth weights (BWs) of 1500 g or less or estimated gestational age (GA) at birth of 30 weeks or less. 2 Although the screening criteria have high sensitivity to detect infants in need of treatment, implementation of these guidelines results in many unnecessary examinations, because only a small percentage of infants screened will meet criteria for treatment. 3, 4 A number of risk factors for ROP have been described, including BW, GA, 4 and oxygen exposure. Oxygendependent growth factors, such as vascular endothelial growth factor, play a primary role in the pathophysiology of ROP. 5 Deficiencies of noneoxygen-dependent growth factors, such as insulin-like growth factor-1 (IGF-1), normally passed to the developing fetus through the placenta, also play a key role in the pathophysiology of ROP. 6, 7 Model discrimination (sensitivity and specificity, AUC, or C index) was reported or could be calculated based on data provided x Level II: good-quality predictive model development study including single cohort or >1 cohort but with similar ROP risk, geographic location, and racial or ethnic characteristics Study cohort is representative of population at risk of ROP* Screening was conducted using indirect ophthalmoscopy by an examiner with ROP experience, with appropriate frequency and duration Internal validation y Adequate sample size z Model discrimination (sensitivity and specificity, AUC, or C index) was reported or could be calculated based on data provided Model discrimination (sensitivity and specificity, AUC, or C index) was not reported or could not be calculated based on data provided
Model Validation Studies
Level I: good-quality predictive model validation study including multiple (>1) cohorts Study cohorts are independent of the cohort(s) used to develop the model (i.e., no overlap in infants included in the model development cohort [s] and the model validation cohort[s]) Study cohorts were representative of population at risk of ROP* Study cohorts expand on the population(s) used for model development (e.g., to populations with varying risks or prevalences of disease, different institutions in varying geographic locations, or differing racial or ethnic composition, or same institutions but different periods with varying ROP risks or prevalences) Screening was conducted using indirect ophthalmoscopy by an examiner with ROP experience, with appropriate frequency and duration ROP outcome assessor was masked to model determination Adequate sample size z Model discrimination (sensitivity and specificity, AUC, or C index) was reported or could be calculated based on data provided Level II: good-quality predictive model validation study including single cohort or >1 cohort but with similar ROP risk, demographic, and racial or ethnic characteristics Study cohort is independent of model development cohort (i.e., no overlap in infants was included in the model development cohort[s] and the model validation cohort[s]) Study cohort is representative of population at risk of ROP* Screening was conducted using indirect ophthalmoscopy by an examiner with ROP experience, with appropriate frequency and duration ROP outcome assessor was masked to model determination Adequate sample size y Model discrimination (sensitivity and specificity, AUC, or C index) was reported or could be calculated based on data provided Level III: poor-quality predictive model validation study At least 1 of the following applies: Study cohort was not representative of population at risk of ROP Screening was conducted not using indirect ophthalmoscopy, or not by an examiner with ROP experience, or was not of appropriate frequency or duration ROP outcome assessor was not masked to model determination Inadequate sample size y Model discrimination (sensitivity and specificity, AUC, or C index) was not reported or could not be calculated based on data provided AUC ¼ area under the receiver operating characteristic curve; C index ¼ concordance index; ROP¼retinopathy of prematurity. *Clinical recommendations for the population requiring screening for ROP varied by calendar time and country for the studies included in this review. A study was downgraded if the study cohort was not representative of the screening population based on screening guidelines in place at the time of the study. Internal validation uses the same study cohort combined with a statistical method, such as split-sample, cross-validation, or bootstrapping, to adjust for overfitting or optimism. With external validation, the predictive model is applied in a study population that is independent of and differs from the model development population by geographic location. In general, external validation is superior to internal validation and was accepted in place of internal validation if reported as part of a model development study. z For predictive model development, sample size was considered adequate if there were at least 10 occurrences of the outcome of interest (e.g., type 1 ROP) per predictor variable in the model. For example, for a model with 3 predictor variables, an adequate sample size included at least 30 occurrences of the outcome. For model validation, sample size was considered adequate if the width of the 95% confidence interval on sensitivity and negative predictive value was not wider than 10%. Ideally, model calibration also was performed, but studies were not rated based on model calibration. In model calibration, the study cohort is divided into risk groups (approximately 10 is recommended) based on predicted probability of the outcome, and the observed versus predicted probability in the risk groups are plotted and inspected for deviation from the 45 line of equality. Close adherence of all points to the 45 line indicates the model is well calibrated (i.e., it performs equally well across groups with differing risk).
The number of infants requiring screening for ROP is increasing in both high-and middle-income countries as evolving neonatal intensive-care practices improve the survival rate of infants at risk for ROP. 8 However, there is a declining availability of physicians who are willing and able to screen them. 9 Telemedicine has been considered an approach to address this shortfall. 10 Predictive models also could be used to identify and screen only infants who are at highest risk for ROP that requires treatment, to reduce the number of screening examinations performed in low-risk infants, or both. Current screening criteria for ROP are based primarily on 2 predictive factors: BW and GA. 11 These criteria are designed to have very high sensitivity with attendant low specificity; they are based largely on data from the Multicenter Trial of Cryotherapy for Retinopathy of Prematurity and the Light Reduction in Retinopathy of Prematurity studies. 12 In recent years, predictive models have shown improved specificity to detect high-risk patients by incorporating additional factors, including IGF-1 levels or rate of weight gain, which is a surrogate for IGF-1 levels. 13 Existing models perform differently depending on the characteristics of the population of infants being screened and the level of neonatal services provided in their home country. The searches retrieved 305 citations that had an English language abstract. The panel members assessed the abstracts of these citations and identified 30 articles for full-text review. They determined that 22 of the 30 articles reviewed met the following inclusion criteria: they consisted of original research, they involved a clinical prediction model to identify infants at high risk for clinically significant ROP, and they included a prospective or retrospective cohort consisting of premature infants at risk for all stages of ROP. One of the articles included both a model development and a model validation study, for a total of 23 studies.
Questions for Assessment
14 From these, the authors abstracted information about study design, study population, the screening algorithm tested, interventions, ROP outcomes evaluated, and metrics used to evaluate the model.
The methodologist (M.M.) assigned levels of evidence ratings to the studies using a rating scale developed specifically for this assessment, based on published guidelines for the development and validation of a prognostic model. 15, 16 Separate criteria were used for model development and model validation studies. A level I rating was assigned to high-quality studies that included multiple (>1) screening cohorts, a level II rating was assigned to highquality studies that included a single screening cohort, and a level III rating was assigned to low-quality studies.
None of the model development studies reviewed met the criteria for level I evidence. One model validation study 17 met the criteria for level I evidence. One model development study, 18 and 2 model validation studies 14, 19 met the criteria for level II evidence. The remaining 19 studies were categorized as level III. The major quality deficiencies in the model development studies were that there was no validation (5 studies), sample size was small (5 studies), and the study population was not representative of the population at risk (3 studies). Some studies had more than 1 deficiency. The major deficiency in model validation studies was small sample size, particularly with respect to the number of infants with positive results for the ROP outcome being evaluated, resulting in a wide confidence interval (CI) on algorithm sensitivity (10 studies). Table 1 describes the levels of evidence for predictive model development and validation studies.
Published Studies
All studies included in this assessment evaluated the ability of a predictive model to identify infants at high risk for clinically significant ROP and the extent to which application of the model could reduce the need for ROP screening examinations for the population being studied. The studies were divided into 2 types: model development studies and model validation studies. In a model development study, a prognostic model is developed using data from a defined cohort of infants for whom the ROP outcome was known and potential risk factors for ROP were assessed. Internal validation is an important component of prognostic model development. 15, 16 During model development, covariates retained in the final predictive model typically are identified from a longer list of potential predictive factors using statistical significance testing. Covariates that by chance seem to be more predictive than they are in truth may be statistically significant and may be included in the final model. Hence, the operating characteristics (sensitivity, specificity) of the final model tend to be overestimated (e.g., the model is overfitted or optimistic). Ideally, the optimism is corrected using statistical techniques for internal validation (i.e., validation such as split-sample, cross-validation, or bootstrapping, 15, 20, 21 based on the same study cohort).
However, even a model developed using good methodology may not perform well in practice as a result of too much variation in outcome that is unexplained by the model. The role of an external model validation study is to test the model in a cohort drawn from a new population to determine whether the model performs well in practice. This step is critical before using the model in clinical practice, particularly if it will be used in populations that differ from the model development population.
Studies also differed in the following other respects: (1) the definition of the clinically significant ROP outcome that the model was designed to detect (severe ROP, type 1 or 2 ROP; treatment-requiring or treatment-warranting ROP, or both; prethreshold or threshold ROP; stage 3 or higher ROP; any ROP; referral-warranted ROP); (2) the ROP screening criteria used for the population studied; (3) the predictive variables included in the model (GA, BW, IGF-1 level, weekly or daily weight gain, etc.); (4) the metrics used to evaluate the model, which include sensitivity (probability that a patient with clinically significant ROP is identified by the model as being in need of screening examinations), specificity (probability that a patient without clinically significant ROP is identified by the model as not being in need of screening), positive predictive value (probability that a patient identified by the model as being in need of screening demonstrates clinically significant ROP), and negative predictive value (probability that a patient identified by the model as not being in need of screening does not demonstrate clinically significant ROP); and (5) the method by which the authors quantified reduction in screening examinations afforded by the model (number or percent of infants, or both; number or percent of eyes, or both; or number or percent of examinations, or both). In this regard, some authors propose the use of the model to replace existing screening criteria, whereas others recommend the use of the model to reduce the number of examinations without changing existing screening criteria.
Published studies have used several measures of accuracy. For purposes of cross-study comparison, the sensitivity, specificity, positive predictive value, negative predictive value, and corresponding 95% confidence intervals (CI) were abstracted directly from each article or were calculated by the methodologist based on data provided in the article. Confidence intervals were calculated using the binomial exact method.
Review of Clinical Models for the Prediction of Clinically Significant Retinopathy of Prematurity
This review is presented in chronological order of model development. Table 2 includes additional details about all model development studies, and Table 3 includes additional details about all model validation studies.
Safety-Index Model. In 1996, Schalij-Delfos et al 22 published a level III retrospective external validation study performed in The Netherlands on the safety-index (S-index) model developed by Meier-Gibbons et al 23 in 1991. The S-index is calculated based on the following equation: S ¼ logBW(kg) þ logGA À log(1 þ no. of days on oxygen). Development of any ROP was the binarydependent outcome variable (BDOV) for this validation study, and 33% of 312 infants included in the study showed positive results for the outcome. The sensitivity and specificity of a negative S-index (<0) at the chronologic age of 35 days to detect any ROP in this cohort were 77.7% (95% CI, 68%e85%) and 56.5% (95% CI, 49%e63%), respectively. Application of this model in this cohort of patients would have eliminated the need for screening in 45% of the infants, but it would have missed ROP in 23 infants, including 1 with stage 3 ROP. The authors considered a variety of ways to apply the model and concluded that the best approach would be to stratify the infants into a high-risk group (negative S-index at day 35 or positive S-index but still requiring oxygen at day 35) and low-risk group (positive S-index and not requiring oxygen at day 35), and then perform traditional screening on the high-risk patients and performing a single screening examination on the low-risk patients. Applying the model in this way would have reduced the number of examinations by 10% without missing any cases of stage 3 or higher ROP.
Termote Model. In 2005, Termote et al 24 published a level III model development study performed in The Netherlands describing a multivariate risk model developed and tested retrospectively on 275 patients. Stepwise logistic regression identified 3 significant risk factors for demonstrating any stage of ROP. Internal validation with adjustment for overfit was performed. A diagnostic guideline was developed: (if BW þ 2 Â (gestational age À 20) À 6 Â erythrocyte transfusion value within the first 4 weeks of life !34, then no ROP screening was necessary). Using the diagnostic guideline, sensitivity and specificity to detect severe ROP was 100% (95% CI, 77%e100%) and 24.5% (95% CI, 19%e30%), respectively. Sixty-four of the 275 infants (23%) in the study group could have been excluded from screening without missing severe ROP.
Weight, Insulin-like Growth Factor-1, Neonatal, Retinopathy of Prematurity Model. In 2006, Löfqvist et al 25 published a level III model development study that introduced a proprietary 2-part ROP surveillance algorithm (Weight, Insulin-like Growth Factor-1, Neonatal, Retinopathy of Prematurity [WINROP]) developed prospectively from 79 patients in Sweden. The sensitivity and specificity of the 2-step screening method in predicting treatmentrequiring ROP were 100% (95% CI, 54%e100%) and 83.6% (95% CI, 73%e91%), respectively. The article describes a proposed screening method for ROP using the WINROP algorithm and illustrates the reduction in screening examinations that would have occurred in this cohort. Using the screening protocol, 20% of the infants would not have required any screening examinations, although surveillance of weight and IGF-1 levels would have continued. Fifty-seven percent of infants would have required significantly less screening, but also with continued surveillance, and 23% would have required a traditional number of screening examinations.
In 2009, Löfqvist et al 26 published a level III prospective external validation study on the WINROP algorithm on 50 patients in Sweden. The sensitivity and specificity of both parts of the WINROP algorithm combined to detect sight-threatening ROP were 100% (95% CI, 66%e100%) and 68% (95% CI, 52%e82%), respectively. Application of part 1 of the algorithm (designed to predict the risk for proliferative ROP) would have eliminated the need for screening in 26% of the infants. After application of part 2 of the algorithm, an additional 30% of infants were stratified into a low risk for sight-threatening ROP group and potentially could have undergone a reduced number of examinations. The remaining 44%, considered to be at high risk, would have received the standard number of examinations. 19 published a retrospective level II external validation study from Sweden on a modified (weight gain only) version of the WINROP algorithm. Whereas the original WINROP algorithm was an online surveillance system that was based on weekly postnatal recordings of weight and serum IGF-1 levels, the z Study included internal validation, but measure corrected for overfit was not reported.
x A weighted mean was calculated from data in Table 1. k Sensitivity, specificity, PPV, NPV, and percent saved from examination are likely to be overestimated and percent of missed diagnoses underestimated { This study included 2 cohorts, the UHC cohort for model development and the Good Samaritan Hospital (GSH) cohort for model validation. The UHC in Table 3 ). Unlike other studies, the model evaluation metrics were reported at the eye level rather than the infant level. Since 2009, a number of other retrospective external validation studies based on the WINROP 2 model have been performed. Each study evaluated the validity of the WIN-ROP 2 model in a cohort of preterm infants using a BDOV, which was the presence or absence of some form of severe ROP. The studies are discussed here in chronological order.
In because of lack of validation or correction for overfit. metrics are reported in this table. These are not corrected for overfit, but the study is credited for performing validation by use of the UHC cohort (reported registries that were used to identify children treated for ROP or blind due to ROP.
patients showed positive results for the outcome. The sensitivity and specificity of a high-risk alarm to predict severe ROP in this cohort were 100% (95% CI, 88%e 100%) and 81.7% (95% CI, 77%e86%), respectively, with 75% of the infants eliminated from the need for screening without missing any infants with severe ROP.
In the Hård et al 28 (level III) study performed in Brazil in which the BDOV was proliferative ROP, 5.7% of the 336 patients showed positive results for the outcome. The sensitivity and specificity of a high-risk alarm, a low-risk alarm, or both that sounded before 32 weeks to detect proliferative ROP in this cohort were 90.5% (95% CI, screening examination on the low-risk patients. The GSH metrics are reported in this table. Prevalence and model evaluation metrics were reported at the eye level. Although the study population was graded down for this restriction; the development study was graded down for it because the restricted BW criterion did not meet screening guidelines.
resulted in "reduced ophthalmologic examinations for almost 30% of infants and still detected 100% of type 1 ROP" if it were used in a manner similar to what is being done in several Swedish intensive care units. In these intensive care units, infants born at GA more than 29 weeks who do not receive an alarm are screened once at 5 weeks chronologic age, and if no ROP is detected, ROP screening examinations are discontinued. For infants born at GA 29 weeks or sooner, clinical judgment is used to determine whether additional examinations should be performed if no ROP is present at 5 weeks chronologic age. The Zepeda-Romero et al 29 (level III) study was performed in Mexico, and the BDOV was type 1 ROP. Because the WINROP model was developed from a cohort of 192 infants with GA of less than 32 weeks, separate analyses were performed for infants with GA of less than 32 weeks (very preterm) and for those with GA of 32 weeks or more (moderately preterm). For the group of infants with GA of less than 32 weeks, 98 patients (51%) showed positive results for the outcome. The sensitivity and specificity of an alarm before 33 weeks to detect type 1 ROP in this cohort were 84.7% (95% CI, 76%e91%) and 26.6% (95% CI, 18%e37%), respectively, with 21% of the infants eliminated from the need for screening at the cost of missing 15 infants who demonstrated type 1 ROP. For the group of infants with GA of more than 32 weeks, the WINROP algorithm performed poorly, with a sensitivity of 5.3% and specificity of 88.3%.
In the Sun et al 30 (level III) study performed in China in which the BDOV was severe ROP (defined as any prethreshold, stage 3, or threshold ROP), 9.5% of 590 patients showed positive results for the outcome. The sensitivity and specificity of a WINROP 2 alarm to detect severe ROP in this cohort were 89.3% (95% CI, 78%e 96%) and 89% (95% CI, 86%e91%), respectively, with 82% of the infants eliminated from the need for screening at the cost of missing 6 infants with severe ROP.
In the Choi et al 31 (level III) study performed in Korea in which the BDOV was type 1 ROP, 12.7% of 314 patients showed positive results for the outcome. The sensitivity and specificity of a high-risk WINROP alarm to detect type 1 ROP in this cohort were 90.0% (95% CI, 76%e97%) and 52.6% (95% CI, 46%e59%), respectively, with 47% of the infants eliminated from the need for screening at the cost of missing 4 infants with type 1 ROP.
In the Lundgren et al 32 (level III) study performed in Sweden in which the BDOV was type 1 ROP, 11.5% of 407 patients showed positive results for the outcome. The sensitivity and specificity of a WINROP alarm to detect severe ROP in this cohort were 95.7% (95% CI, 85%e 99%) and 23.9% (95% CI, 20%e29%), respectively. An alarm did not occur in 2 infants diagnosed and treated for type 1 ROP. The authors state that a 53% reduction in the number of examinations performed on infants with no alarm and no ROP could have been achieved if these infants had received routine eye examinations at 3 time points (31, 33 , and 36 weeks GA) instead of according to their current protocol.
In the Piyasena et al 33 (level III) study performed in Scotland in which the BDOV was any ROP in zone 1, stage 2 ROP in zone 2 with plus disease, or any stage 3 ROP, 3.9% of 410 patients showed positive results for this outcome. The sensitivity and specificity of a high-risk WINROP alarm to detect severe ROP in this cohort were 87.5% (95% CI, 62%e98%) and 63.4% (95% CI, 58%e 68%), respectively, with 62% of the infants eliminated from the need for screening at the cost of missing 2 infants with severe ROP.
In the Eriksson et al 34 (level III) study performed in Sweden in which the BDOV was severe ROP (defined as stage 3 or treatment-requiring ROP), 4.8% of 104 patients showed positive results for the outcome. The sensitivity and specificity of a WINROP alarm to detect severe ROP in this cohort were 100% (95% CI, 48%e100%) and 58.6% (95% CI, 48%e68%), respectively.
In the Ko et al 35 (level III) study performed in Taiwan in which the BDOV was treatment-demanding ROP (TD-ROP), 11.5% of 148 patients showed positive results for the outcome. The sensitivity and specificity of a WINROP alarm to detect TD-ROP in this cohort were 64.7% (95% CI, 38%e86%) and 55% (95% CI, 46%e64%), respectively. An alarm did not occur in 6 infants who were treated for ROP, all of whom had BW of more than 1250 g, GA of more than 30 weeks, or both.
Yang Model. In 2009, Yang and Donovan 14 published a report of a level III study describing a multivariate risk model on 357 patients from the United States. They then performed a level II validation study of the model by applying it retrospectively to an independent validation cohort of 491 patients from the United States. The predictive variables used in the final model were BW, GA, multiple birth, race, and gender. Presence or absence of prethreshold or threshold ROP was the BDOV. One hundred forty-five eyes (20%) in 75 infants (21%) of the University Hospital in Cincinnati cohort and 180 eyes (18%) of the Good Samaritan Hospital cohort showed positive results for this outcome. The area under the receiver operating characteristic curve was used to describe the model's predictive capacity, and a probability of 0.15 or more of prethreshold or threshold ROP was selected as the cutoff for high risk, because it resulted in the best combination of sensitivity and specificity. The model then was applied to infants from both cohorts, and the eyes were assigned to a high-risk group or a low-risk group. Infants in the high-risk group were screened conventionally (initial screening at 32 weeks GA or 5 to 6 weeks chronological age, whichever was later, and the screening sequence was modified retrospectively to conform to current screening recommendations 36 ). Infants in the low-risk group were screened according to an alternative 35q3 protocol (initial screening at 35 weeks GA or 5 to 6 weeks chronological age, whichever is later, and subsequent screenings every 3 weeks, adjusted based on severity of ROP findings). This allowed for a reduction in the mean number of screening examinations by 13.4% per infant with no more than 1 week's delay in detecting prethreshold or threshold ROP. If 2013 screening guidelines had been applied and infants with BW between 1250 and 1500 g had been included in the cohort, the reduction in screening examinations likely would have been greater. The sensitivity, specificity, positive predictive value, and negative predictive value of the model to detect prethreshold or threshold ROP for each cohort are shown in Table 1 . If the model had been applied in such a way that all low-risk eyes were not screened at all, 60% of eyes in the University Hospital in Cincinnati cohort and 58% of eyes in the Good Samaritan Hospital cohort would not have been screened, missing 9.7% and 10.6% of prethreshold or worse ROP in each cohort, respectively. Of note, none of these prethreshold ROP eyes went on to require treatment.
Denmark Retinopathy of Prematurity Model. In 2011, Slidsborg et al 37 published a level III study describing a nonlinear logistic regression model developed and tested retrospectively on 4182 patients in Denmark. The predictive variables used in the model were BW and GA. Presence or absence of TD-ROP was the BDOV and 116 (2.8%) showed positive results for this outcome. Some cases of ROP were treated at threshold and others at prethreshold. Internal validation using the bootstrapping method was performed. Risk-based isolines were constructed (various combinations of GA and BW with identical risk of TD-ROP), and theoretical application of the 0.13% risk isoline resulted in the best outcome, with no TD-ROP patients missed and 17.4% fewer infants requiring screening than with the current guidelines. A concern of this study is that TD-ROP was threshold ROP in many cases, and current treatment strategy involves detection of type 1 ROP.
Premature Infants in Need of Transfusion Retinopathy of Prematurity Model. In 2011, Binenbaum et al 38 published a level III study describing a multivariate risk model (Premature Infants in Need of Transfusion ROP model) developed from 367 patients from the United States. The predictive variables used in the final model were GA, BW, and daily weight gain rate calculated from the current and previous weeks' weights. Presence or absence of severe ROP (defined as stage 3 or greater ROP or treated ROP) was the BDOV for the study, and 67 patients (18.3%) showed positive results for the outcome. Internal validation using the bootstrap methods of Harrell et al 20 was performed, and adjustments were made for overfit. To create a pilot clinical tool to determine ROP risk, the final logistic model was converted into graphical form as nomograms. The model was run at weekly intervals and an alarm was triggered when the risk of ROP was more than 0.085. The sensitivity and specificity of the final model in predicting severe ROP were 97% (95% CI, 92%e100%) and 36.1% (95% CI, 32%e40%), respectively. Application of the base model (not corrected for overfit) accurately predicted all infants with severe ROP except one who ultimately did not require treatment and would have resulted in 30% fewer infants undergoing examinations.
Children's Hospital of Philadelphia Retinopathy of Prematurity Model. In 2012, Binenbaum et al 18 published a level II study describing a multivariate risk model (the Children's Hospital of Philadelphia ROP model) developed from 524 patients from the United States. The predictive variables used in the model were GA, BW, and daily weight gain rate. Presence or absence of type 1 or 2 ROP was the BDOV for the study, and 48 patients (9.2%) showed positive results for the outcome. If at any point the predicted risk was greater than the cut point (set at 0.014), the child would undergo eye examinations from that point on. Internal validation with adjustment for overfit was performed, and with these applied, the sensitivity and specificity of the model in predicting type 1 or 2 ROP were 96% (95% CI, 88%e98%) and 53% (95% CI, 49%e58%), respectively. 40 published a level III study describing a multivariate risk model developed and tested retrospectively on 1380 patients from The Netherlands. Five models were created, and the final model included the predictive variables of infants with GA of less than 30 weeks, BW of less than 1250 g, or both; or GA of 30 to 32 weeks, BW of 1250 to 1500 g, or both, with 1 or more of the following risk factors: artificial ventilation, necrotizing enterocolitis, sepsis, postnatal glucocorticoids, or cardiotonica. Sensitivity and specificity of the final model to detect severe ROP (which occurred in 2.1%) were 100% (95% CI, 88%e100%) and 20% (95% CI, 18%e22%), respectively. This model would have reduced the number of infants who required eye examinations by 20%.
Evaluating Acute-Phase Retinopathy of Prematurity Model. In 2015, the Telemedicine Approaches to Evaluating Acute-Phase Retinopathy of Prematurity Cooperative Group (Ying et al) 10 published a level III study describing a multivariate risk model (Telemedicine Approaches to Evaluating Acute-Phase Retinopathy of Prematurity model) developed from a cohort of 979 infants from the United States enrolled in the prospective Telemedicine Approaches to Evaluating Acute-Phase Retinopathy of Prematurity study. The predictive variables used in the final model were gender, race or ethnicity, BW, GA, quadrants of preplus, stage of ROP, presence of retinal hemorrhage, degree of respiratory support, and weight gain. Presence or absence of referral-warranted ROP (plus disease, zone 1 ROP, or stage 3 or greater ROP) was the BDOV for the study and was present in 149 infants (15.2%); the area under the receiver operating characteristic curve was 0.88 (95% CI, 0.85e0.91). When a predicted probability of referralwarranted ROP of 0.05 was used as a cut point, the model had 96% (95% CI, 91%e99%) sensitivity and 53% (95% CI, 49%e56%) specificity. No internal or external validation of this model was performed.
Future Research
Clinical prognostic models have great potential to improve ROP management by reducing the burden of unnecessary screenings and identifying infants who may benefit from preventive measures. However, models must be developed and validated rigorously, and they must be applied carefully.
Binenbaum 11 identified small sample size and limited generalizability as the primary factors that limit the widespread clinical application of existing ROP screening models. The CIs for estimates of sensitivity are too wide for clinicians to apply the models clinically, although in selected cohorts, sensitivity has been reported to be as high as 100%. To narrow the CIs, it is necessary for studies to include a large number of patients with the outcome variable that the model is designed to predict. Binenbaum argues that for clinicians to trust a model enough to justify its use to make all-or-none screening decisions, the lower boundary of the CI for sensitivity should be very high, perhaps even greater than 99%. This is because any cost savings afforded by applying these types of models could be negated by even a handful of cases of missed ROP that result in lifelong blindness. Even a strategy whereby examinations are reduced in low-risk infants rather than eliminated altogether requires a very high sensitivity and a protocol that does not result in excessive delay in detecting severe ROP.
Limited generalizability also affects the usefulness of existing models. Binenbaum 11 points out that predictive models may perform poorly because of disparities in neonatal practices and patient characteristics across patient populations. Especially in regions where higher BW and GA patients demonstrate clinically significant ROP, separate model development and validation studies will need to be performed. They may include predictive variables that are additional to or different from the ones in the models used in populations where only very low BW and GA infants develop ROP.
Postnatal weight gain increasingly is recognized as an extremely useful predictive variable as a surrogate for IGF-1, especially in identifying larger infants who are at risk for clinically significant ROP in high-income countries with advanced neonatal practices. Insulin-like growth factor-1 recently was shown to play a primary role in the pathophysiology of ROP 8 and likely acts as a common pathway for many other previously described risk factors. 38 Other factors, such as supplemental oxygen exposure, may prove to be important predictors for models developed for use in regions with less advanced neonatal practices, where larger infants more frequently develop clinically significant ROP. Experts in the care of infants with ROP should come to a consensus about the definition of clinically significant ROP and strive to conduct studies that include large numbers of patients who meet those criteria. Existing models use a variety of definitions (e.g., type 1 ROP, stage 3 ROP, treated ROP). Clinically significant ROP may be defined differently in some models, such as in areas of the world that have varying levels of development where the biological activity of disease may differ from that in high-income countries (e.g., in India and Mexico, where a high number of patients with stage 2, zone 2 ROP receive treatment). 29 Data harvesting from electronic health records specifically designed to capture ROP-related data could prove invaluable, especially if obtained from multiple centers in a prospective manner. In turn, the same electronic health record could be programmed to apply the very model it helps to develop and refine.
Development, validation, and application of predictive models to aid in ROP screening and treatment are still in their early stages, and so no existing predictive model is ready for widespread application. Future research in this area should adhere to published guidelines for prognostic research 15, 16, 41, 42 and should strive for level I evidence, as described in Table 1 . Models should be validated externally before clinical use, and they should be as accessible and simple to use as possible. If CIs for sensitivity cannot be narrowed enough for clinicians to apply the models in an all-or-none fashion to eliminate screenings completely, models may be used to reduce the number of screening examinations performed in infants deemed at low risk. Assessment of the ability of the model to alter physicians' behaviors, to enhance patient outcomes, and to increase cost effectiveness is the final and possibly the most important phase of prognostic research and should be conducted to determine the impact of the models. 41 Current research in this area includes the National Institutes of Health-funded Postnatal Growth and Retinopathy of Prematurity studies. 43 This work will develop a prognostic model based on retrospective data from more than 7500 premature infants that subsequently will undergo prospective validation on a cohort of 4000 infants, and it will assess the cost effectiveness of the overall program.
